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(the) window into new physics 

Neutrino mass special

only failure of SM

touches into the core of it all
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neutrino mass and lepton mixing matrix being untangled 

to get there = a self-contained theory of neutrino mass

we have come a long way

a long way to go  

not models for neutrino mass
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examples

analogy: 

• neutral currents in the SM

•Higgs origin of SM particle masses



SO(10) GUT

Generation unified (heavy) RH neutrino 

Beautiful, but not self-contained, 
hard to make predictions

small neutrino mass

Georgi  ‘74

Fritsch, Minkowski  ‘74
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<latexit sha1_base64="1cHsN7FRLJpXbQMYrSP7ZLSG5tQ=">AAACEHicbVC7SgNBFJ31GeMramkzGESrsCsBtQgEbCxUIpgHZMMyO5lNhszOrjN3hbDsJ9j4KzYWitha2vk3Th6FJh4YOJxzLnfu8WPBNdj2t7WwuLS8sppby69vbG5tF3Z2GzpKFGV1GolItXyimeCS1YGDYK1YMRL6gjX9wcXIbz4wpXkk72AYs05IepIHnBIwklc4cq9MuEu8VIOKZC/DFewGitD02qtlqavvFeCbDHuFol2yx8DzxJmSIpqi5hW+3G5Ek5BJoIJo3XbsGDopUcCpYFneTTSLCR2QHmsbKknIdCcdH5ThQ6N0cRAp8yTgsfp7IiWh1sPQN8mQQF/PeiPxP6+dQHDWSbmME2CSThYFicAQ4VE7uMsVoyCGhhCquPkrpn1i6gDTYd6U4MyePE8aJyWnXDq/LRerlWkdObSPDtAxctApqqJLVEN1RNEjekav6M16sl6sd+tjEl2wpjN76A+szx99Vpze</latexit>

(N ~100’s) Dvali ‘2007

no room?

< 1017 GeV

<latexit sha1_base64="ZbkslqNV4dHhAGfBSmPEDpRit9w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBKKgEPCgxwjmAckmzE46yZDZBzOzSljyH148KOLVf/Hm3zhJ9qCJBQ1FVTfdXV4kuNK2/W1lVlbX1jeym7mt7Z3dvfz+QV2FsWRYY6EIZdOjCgUPsKa5FtiMJFLfE9jwRjdTv/GIUvEweNDjCF2fDgLe54xqI3WuiGN3Eqc8aZ/dYr2bL9hFewayTJyUFCBFtZv/avdCFvsYaCaoUi3HjrSbUKk5EzjJtWOFEWUjOsCWoQH1UbnJ7OoJOTFKj/RDaSrQZKb+nkior9TY90ynT/VQLXpT8T+vFev+hZvwIIo1Bmy+qB8LokMyjYD0uESmxdgQyiQ3txI2pJIybYLKmRCcxZeXSf286JSKl/elQuU6jSMLR3AMp+BAGSpwB1WoAQMJz/AKb9aT9WK9Wx/z1oyVzhzCH1ifP0KakRI=</latexit>

⇤
strong

� M
GUT

& 1016 GeV

<latexit sha1_base64="QivGWH6A5UprK8Xn6qMRPT6ATSc="></latexit>

proton stability



Minimal Supersymmetric Standard Model

Zino (partner of Z)  - role of  RH neutrino

neutrino mass through a 
small vev of sneutrino

too many parameters, not self-contained 
- fix the parameter space!?

particle - sparticle
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Left-Right Symmetric Theory

self-contained, predictive  
theory of neutrino mass

Nemevsek, Tello, GS  2012

Tello, GS  2016-2020

  parity violation - spontaneous origin 

Mohapatra, Pati, Salam, GS    ’74-‘79

neutrino mass related to parity violation 
Minkowski  ’77  

Mohapatra, GS  ’79 ‘81 
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 some forty years later:

(

νL

eL

)

(

νR

eR

)



Does gravity matter?

Dvali, Folkerts, Franca  2013
 gravitational anomaly             

Dvali, Funcke  2016

(analog of QCD condensate)
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additional ~ Higgs effect h⌫̄R⌫Li = ⇤3
gravity

<latexit sha1_base64="d8sxpvFJs/PkBFzrPRiT+7OWtB8=">AAACIHicbVDLSgMxFM3UV62vqks3wSK4KjNaqIJCwY2LLqrYB3TqcCdN29BMZkgyhTL0U9z4K25cKKI7/RrTaRdaPZBwOOfem9zjR5wpbdufVmZpeWV1Lbue29jc2t7J7+41VBhLQusk5KFs+aAoZ4LWNdOctiJJIfA5bfrDq6nfHFGpWCju9DiinQD6gvUYAW0kL192OYg+p9j1QWJXxN5telexK2fGJXarZl4XvKQvYcT0eHJ/ir18wS7aKfBf4sxJAc1R8/IfbjckcUCFJhyUajt2pDsJSM0Ip5OcGysaARlCn7YNFRBQ1UnSBSf4yChd3AulOULjVP3ZkUCg1DjwTWUAeqAWvan4n9eOde+skzARxZoKMnuoF3OsQzxNC3eZpETzsSFAJDN/xWQAEog2meZMCM7iyn9J46TolIrnN6VC5WIeRxYdoEN0jBxURhV0jWqojgh6QE/oBb1aj9az9Wa9z0oz1rxnH/2C9fUNd3eijg==</latexit>

SU(2) doublet 

Planck scale suppression?

situation more subtle

can affect neutrino mass

back up slides



The core of it all
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Neutrino = anti neutrino?

Furry  ‘38

• LNV@hadron colliders: KS process   

• neutrinoless double beta decay   

      Lepton Number Violation (LNV)

Majorana  ‘37

Keung, GS  ‘83
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Majorana mass
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Neutrinoless double beta decay

probe of  neutrino Majorana mass?

(both e = LH)

(p ' 100 MeV )A� �
G2

F mee
�

p2

talks by Detwiller, Gomez Cadenas, Grant, Heise, Kermaidic, Menendez, O’Donnel,  Petcov 

GERDA  2020
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mee
⌫ . 0.1eV

<latexit sha1_base64="bR1ODCtWSrm72luy2JfO6C7meFQ=">AAACA3icbVDLSgNBEJz1GeNr1ZteBoPgKexKQAUPAS8eI5gHJOsyO+lNhszMLjOzQlgCXvwVLx4U8epPePNvnDwOmljQUFR1090VpZxp43nfztLyyuraemGjuLm1vbPr7u03dJIpCnWa8ES1IqKBMwl1wwyHVqqAiIhDMxpcj/3mAyjNEnlnhikEgvQkixklxkqheyjCjszuc4AR7nDQWjOBvbKPoRG6Ja/sTYAXiT8jJTRDLXS/Ot2EZgKkoZxo3fa91AQ5UYZRDqNiJ9OQEjogPWhbKokAHeSTH0b4xCpdHCfKljR4ov6eyInQeigi2ymI6et5byz+57UzE18EOZNpZkDS6aI449gkeBwI7jIF1PChJYQqZm/FtE8UocbGVrQh+PMvL5LGWdmvlC9vK6Xq1SyOAjpCx+gU+egcVdENqqE6ougRPaNX9OY8OS/Ou/MxbV1yZjMH6A+czx+01pbm</latexit>



Feinberg, Goldhaber  ’59
Pontecorvo  ’64

Caveat - new physics?

A� �
G2

F mee
�

p2

compare

 LHC?

1

⇤5
6L
(e e u u d̄ d̄)

<latexit sha1_base64="LY9qy7Lmm5k0FfypO6MofnbLBGs="></latexit>

ANP = ⇤�5
6L . 10�18 GeV �5

<latexit sha1_base64="pXGC5zaD5W1ic4H3xd9twwPsq08="></latexit>

⇤ 6L & TeV

<latexit sha1_base64="dx7CH9TGRHYg02/q65lMWrBgw7U=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYhV0JqGARsLFIESEvyC5hdjJJhszOLDN3hbCksfFXbCwUsfUf7PwbJ49CEw8MHM45lzv3RIngBjzv21lZXVvf2Mxt5bd3dvf23YPDhlGppqxOlVC6FRHDBJesDhwEayWakTgSrBkNbyd+84Fpw5WswShhYUz6kvc4JWCljnsSVGy4SzpZIBXgyhgHfbDxGNdYo+MWvKI3BV4m/pwU0BzVjvsVdBVNYyaBCmJM2/cSCDOigVPBxvkgNSwhdEj6rG2pJDEzYTa9YozPrNLFPaXtk4Cn6u+JjMTGjOLIJmMCA7PoTcT/vHYKvasw4zJJgUk6W9RLBQaFJ5XgLteMghhZQqjm9q+YDogmFGxxeVuCv3jyMmlcFP1S8fq+VCjfzOvIoWN0is6Rjy5RGd2hKqojih7RM3pFb86T8+K8Ox+z6IoznzlCf+B8/gC/FZgX</latexit>
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d = 9 operator

. G2
F 10�8 GeV �1

<latexit sha1_base64="Wu7SVjVVq+gaXxcdSvgaNBx3O94=">AAACDHicbZDLSgMxFIYz9VbrrerSTbAILrTMlIIVXBQE67KCvUBnWjLpmTY0cyHJCGXoA7jxVdy4UMStD+DOtzFtZ6GtPwQ+/nMOJ+d3I86kMs1vI7Oyura+kd3MbW3v7O7l9w+aMowFhQYNeSjaLpHAWQANxRSHdiSA+C6Hlju6ntZbDyAkC4N7NY7A8ckgYB6jRGmrly/YHKSUzMe13k23ZJ9hy+wm55WJpho0NVoT3WUWzZnwMlgpFFCqei//ZfdDGvsQKMqJlB3LjJSTEKEY5TDJ2bGEiNARGUBHY0B8kE4yO2aCT7TTx14o9AsUnrm/JxLiSzn2Xd3pEzWUi7Wp+V+tEyuv4iQsiGIFAZ0v8mKOVYinyeA+E0AVH2sgVDD9V0yHRBCqdH45HYK1ePIyNEtFq1y8vCsXqldpHFl0hI7RKbLQBaqiW1RHDUTRI3pGr+jNeDJejHfjY96aMdKZQ/RHxucPMMGZKQ==</latexit>



Neutrino vs new physics 

• e = RH eureka: new physics

measure electron polarisation

• both e = LH new physics, not neutrino?
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back up slides

lightest neutrino mass in eV

normal

inverted
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normal hierarchy?

probe of the theory of neutrino mass?



The nature and origin of neutrino mass

Back to Basics: LR symmetry 
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 Parity violation

V - A theory

Lee, Yang ‘56

conjecture: 
L-R symmetry hidden

Marshak, Sudarshan  ‘57

experiment: maximal

Lee, Yang  ‘56

JW
µ = ūL�µdL + ⌫̄L�µeL

<latexit sha1_base64="208UTvuv0DQQ+nd+WlZ/uKx7FcY=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQhDJTBd0oBTciLirYB3TqcCdN29AkMyQZoZT+jRt/xY2gIrr0T0wfC209EDj3nHu5uSdKONPG876czMLi0vJKdjW3tr6xueVu71R1nCpCKyTmsapHoClnklYMM5zWE0VBRJzWot7lyK89UKVZLO9MP6FNAR3J2oyAsVLoXlyHgUjva/gcBxEonIY3OOiAEDDSccuWRxMnkDMetWXo5r2CNwaeJ/6U5NEU5dB9DVoxSQWVhnDQuuF7iWkOQBlGOB3mglTTBEgPOrRhqQRBdXMwvnOID6zSwu1Y2ScNHqu/JwYgtO6LyHYKMF09643E/7xGatpnzQGTSWqoJJNF7ZRjE+NRaLjFFCWG9y0Bopj9KyZdUECMjTZnQ/BnT54n1WLBPy4Ub0/ypdI0jizaQ/voEPnoFJXQFSqjCiLoET2jN/TuPDkvzofzOWnNONOZXfQHzvcPS1ejwA==</latexit>
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uR
<latexit sha1_base64="bd4a+X/QUE/Egdz0Xhcjidiey94=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6M2AF4/xkQckS5id9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzThBP6IDyUPOqLHSQ9q775XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVrzzSvXuoly7zuMowDGcwBl4cAk1uIU6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx85iY2/</latexit>

eR

Higgs 
doublet Weinberg  ‘67

Standard Model 
Maximal parity violation crucial

Glashow  ‘61

Weinberg  2009“V-A was the key”

Theory of the origin of mass

Higgs decays predicted

dR

✓
uL

dL

◆

✓
⌫L
eL

◆
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neutrino = massless

eR

Neutrino mass failure

structure + minimality

✓
⌫L
eL

◆
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 Imagine parity conserved 

direct mass terms

qLMqR
<latexit sha1_base64="LdyzbWnXEdtZ88eMiEw59G/czSo=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2WmCrqz4MaFQhX7gHYYMmmmDc0k0yQjlKHgr7hxoYhbv8Odf2OmnYW2HggczrmHe3OCmFGlHefbKiwtr6yuFddLG5tb2zv27l5TiURi0sCCCdkOkCKMctLQVDPSjiVBUcBIKxheZX7rkUhFBX/Q45h4EepzGlKMtJF8+6ArjJ2l05F/M4G3EI78e98uOxVnCrhI3JyUQY66b391ewInEeEaM6RUx3Vi7aVIaooZmZS6iSIxwkPUJx1DOYqI8tLp+RN4bJQeDIU0j2s4VX8nUhQpNY4CMxkhPVDzXib+53USHV54KeVxognHs0VhwqAWMOsC9qgkWLOxIQhLam6FeIAkwto0VjIluPNfXiTNasU9rVTvzsq1y7yOIjgER+AEuOAc1MA1qIMGwCAFz+AVvFlP1ov1bn3MRgtWntkHf2B9/gBzkZUh</latexit>

Mu = Md
<latexit sha1_base64="Qkn0vqXI+hZ+lwXxfp4rVu/QkA0=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KrtV0ItY8OKlUMF+SLss2Wy2DU2yS5IVSumv8OJBEa/+HG/+G9N2D9r6YODx3gwz88KUM21c99tZWV1b39gsbBW3d3b39ksHhy2dZIrQJkl4ojoh1pQzSZuGGU47qaJYhJy2w+Ht1G8/UaVZIh/MKKW+wH3JYkawsdJjPcjQNaoHUVAquxV3BrRMvJyUIUcjKH31ooRkgkpDONa667mp8cdYGUY4nRR7maYpJkPcp11LJRZU++PZwRN0apUIxYmyJQ2aqb8nxlhoPRKh7RTYDPSiNxX/87qZia/8MZNpZqgk80VxxpFJ0PR7FDFFieEjSzBRzN6KyAArTIzNqGhD8BZfXiatasU7r1TvL8q1mzyOAhzDCZyBB5dQgztoQBMICHiGV3hzlPPivDsf89YVJ585gj9wPn8AcsePgw==</latexit>

split: needs adjoint (real triplet) T

LY = qL(M + YTT )qR
<latexit sha1_base64="IDOm+MYi78t6I37dcKTe4Xd4R3Q="></latexit>

hT i = v diag(1,�1)
<latexit sha1_base64="H6V2RWwSBFPYvie9I8Co3Sn19qg=">AAACEXicbZA9SwNBEIb34leMX6eWNotBiKDhLgraiAEbSwWjQi6Evc0kLtnbO3bnguHIX7Dxr9hYKGJrZ+e/cRNTaOILCw/vzDA7b5hIYdDzvpzczOzc/EJ+sbC0vLK65q5vXJs41RxqPJaxvg2ZASkU1FCghNtEA4tCCTdh92xYv+mBNiJWV9hPoBGxjhJtwRlaq+mWAslURwK9ooEe0Ukv2KMBwj1mLcE6A1ry9/b93aZb9MreSHQa/DEUyVgXTfczaMU8jUAhl8yYuu8l2MiYRsElDApBaiBhvMs6ULeoWASmkY0uGtAd67RoO9b2KaQj9/dExiJj+lFoOyOGd2ayNjT/q9VTbB83MqGSFEHxn0XtVFKM6TAe2hIaOMq+Bca1sH+l/I5pxtGGWLAh+JMnT8N1pewflCuXh8Xq6TiOPNki26REfHJEquScXJAa4eSBPJEX8uo8Os/Om/P+05pzxjOb5I+cj2/CK5up</latexit>

MZ = 0
<latexit sha1_base64="sCjDdHXZwIzZaC7wvfPzlimS+hY=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9iwIsXIYJ5YLKE2UknGTI7u8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWx4Nq47reTW1ldW9/Ibxa2tnd294r7Bw0dJYphnUUiUq2AahRcYt1wI7AVK6RhILAZjG6mfvMJleaRfDDjGP2QDiTvc0aNlZp33UdyRdxuseSW3RnIMvEyUoIMtW7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NwJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/0k+5jBODks0X9RNBTESmv5MeV8iMGFtCmeL2VsKGVFFmbEIFG4K3+PIyaVTK3lm5cn9eql5nceThCI7hFDy4gCrcQg3qwGAEz/AKb07svDjvzse8NedkM4fwB87nD6e6jnQ=</latexit>

needs more Higgs predictions gone

✓
uL

dL

◆ ✓
uR

dR

◆

Lee, Yang = wrong
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P conserved: a curse …

qL =

<latexit sha1_base64="S1B+jqxpuikPIBds4TBM/iooFkY=">AAAB7HicbVA9SwNBEJ2NXzF+RS1tFoNgFe4koBaBgI2FRQQvCSRH2NvsJUv29s7dPSEc+Q02ForY+oPs/Ddukis08cHA470ZZuYFieDaOM43Kqytb2xuFbdLO7t7+wflw6OWjlNFmUdjEatOQDQTXDLPcCNYJ1GMRIFg7WB8M/PbT0xpHssHM0mYH5Gh5CGnxFjJe+zf4Xq/XHGqzhx4lbg5qUCOZr/81RvENI2YNFQQrbuukxg/I8pwKti01Es1SwgdkyHrWipJxLSfzY+d4jOrDHAYK1vS4Ln6eyIjkdaTKLCdETEjvezNxP+8bmrCKz/jMkkNk3SxKEwFNjGefY4HXDFqxMQSQhW3t2I6IopQY/Mp2RDc5ZdXSeui6taq1/e1SqOex1GEEziFc3DhEhpwC03wgAKHZ3iFNyTRC3pHH4vWAspnjuEP0OcPBX6OLA==</latexit>

= qR

<latexit sha1_base64="f0VB3uc9FsdCWEt6uwLhIR0xurU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvVQKHjxWMV+QLuUbJptY7PJmmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeUHMmTau++3k1tY3Nrfy24Wd3b39g+LhUUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GF/P/PYTVZpJcW8mMfUjPBQsZAQbK7Vq6LF/h/rFklt250CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxISXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJ66LsVcpXt5VSvZbFkYcTOIVz8KAKdbiBBjSBwAM8wyu8OdJ5cd6dj0VrzslmjuEPnM8fZH2OXA==</latexit>



(

νL

eL

)
(

νR

eR

)

vector-like world neutrino massive

Neutrino: LR symmetryCharged fermions: no LR symmetry 

break parity (LR) spontaneously

conflicting situation

…a blessing, too
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 The theory 
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(

νL

eL

)

WL

✓
uL

dL

◆

(

νR

eR

)

WR

✓
uR

dR

◆

Left-Right Symmetric Model
Mohapatra, Pati, Salam, GS    ’74-‘75

seesaw MN / MWR

<latexit sha1_base64="ZCR9kBlDCVFVvPGCEeoatq4U9fY=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyI4GNVcOOmUsU+oB2GTJppQzNJSDLCMNRfceNCEbd+iDv/xvSx0NYDFw7n3Mu990SSUW0879sprKyurW8UN0tb2zu7e+7+QUuLVGHSxIIJ1YmQJoxy0jTUMNKRiqAkYqQdja4nfvuRKE0FfzCZJEGCBpzGFCNjpdAt18Nb2JNKSCNgPczb4f04dCte1ZsCLhN/TipgjkbofvX6AqcJ4QYzpHXX96QJcqQMxYyMS71UE4nwCA1I11KOEqKDfHr8GB5bpQ9joWxxA6fq74kcJVpnSWQ7E2SGetGbiP953dTEF0FOuUwN4Xi2KE4ZtI9OkoB9qgg2LLMEYUXtrRAPkULY2LxKNgR/8eVl0jqt+mfVy7uzSu1qHkcRHIIjcAJ8cA5q4AY0QBNgkIFn8ArenCfnxXl3PmatBWc+UwZ/4Hz+APRblFM=</latexit>

neutrino light ~ parity broken strongly

MWR ! 1

<latexit sha1_base64="r7FWMPOVYZLshUlYk2QdDrwVpJM=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIoIKHghcvQhX7AU0Jm+2mXbrZhN2JWEL+ihcPinj1j3jz37htc9DWBwOP92aYmRckgmtwnG+rtLK6tr5R3qxsbe/s7tn71baOU0VZi8YiVt2AaCa4ZC3gIFg3UYxEgWCdYHw99TuPTGkeyweYJKwfkaHkIacEjOTb1Vs/6/j3OfYgxh6XIUx8u+bUnRnwMnELUkMFmr795Q1imkZMAhVE657rJNDPiAJOBcsrXqpZQuiYDFnPUEkipvvZ7PYcHxtlgMNYmZKAZ+rviYxEWk+iwHRGBEZ60ZuK/3m9FMKLfsZlkgKTdL4oTAU2f06DwAOuGAUxMYRQxc2tmI6IIhRMXBUTgrv48jJpn9bds/rl3VmtcVXEUUaH6AidIBedowa6QU3UQhQ9oWf0it6s3Hqx3q2PeWvJKmYO0B9Ynz96pZQW</latexit>
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Figure 5: Production of lepton number violating same sign dileptons at col-
liders through WR and N

heavy particles needed to complete the SM in order to have m� �= 0 (such as
NR).

It is thus crucial to have a direct measure of lepton number violation
which can probe the source of neutrino Majorana mass. This is provided by
the same sign dilepton production at colliders as we discuss below.

7.2 Lepton number violation at colliders

We have just seen that ��0 is obscured by various contributions which are
not easy to disentangle. We need some direct tests of the origin of �L = 2,
i.e. these-saw mechanism. This comes about from possible direct production
of the right-handed neutrinos through a WR production. The crucial point
here is the Majorana nature of N : once produced at decays equally often
into leptons and antileptons. This led us [27] to suggest a direct production
of the same sign dileptons at colliders as a manifestation of �L = 2. The
most promising channel is ⇧⇧+2 jets as seen form Fig.5.

One can also imagine a production of N through its couplings to WL

(proportional to yD), but this is a long shot. It would require large yD and
large cancellations among the in order to have small m� . This could be
achieved in principle by fine-tuning, but is not the see-saw mechanism.

The crucial characteristics

1. no missing energy which helps to fight the background

48

proton

proton

• Majorana nature of N

50% lepton   
50 % anti-lepton

Ferrari et. al.  2000

direct LNV@hadron colliders:  KS process

Maiezza, Nemevsek, Nesti, Popara, Tello,   
Vasquez, Zhang, GS              2010-2019

Dev, Mohapatra, Zhang   2013-2019

•connection with

•connection with LFV

Tello    PhD thesis 2012
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Self-contained theory
Nemevsek, GS, Tello   2012

GS, Tello   2016, 2018, 2019

SM for charged fermions

analogy

�(h ! f̄f) /
m2

f

M2
W

mh
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1 Introduction

Left–right symmetric models [1–9] (LRSMs) attempt to explain the broken parity symmetry of
the weak interaction in the Standard Model (SM) and can introduce, depending on the form of the
LRSM, right-handed counterparts to the W and Z bosons (WR and Z

R

), and right-handed heavy
neutrinos (NR). A search for WR boson and NR neutrino production in a final state containing two
charged leptons and two jets (`` j j) with ` = e, µ is presented here. The exact process of interest is
the Keung–SenjanoviÊ (KS) process [10], shown in Figure 1. When the WR boson is heavier than
the NR neutrino (m

WR > m
NR), the on-shell WR mass can be reconstructed from the invariant mass

of the `` j j system, whereas, when m
NR > m

WR, the on-shell WR mass can be reconstructed from the
invariant mass of the j j system. Only ee and µµ lepton pairs, coupling respectively to Ne

R and Nµ
R ,

are considered as part of the `` j j final state, since no mixing between flavours is assumed. Left-
and right-handed weak gauge couplings are also defined to be equivalent (gL = gR).

q̄

q

WR

NR

`

W⇤
R

`

q̄

q

(a)

q̄

q

W⇤
R

NR

`

WR

`

q̄

q

(b)

Figure 1: The KS process, for (a) the m
WR > m

NR case and (b) the m
NR > m

WR case.

In the minimal LRSM containing the type-I seesaw mechanism [6–9], NR neutrinos are Majorana
particles. The type-I seesaw mechanism accounts for the masses of the SM neutrinos by linking
(heavy) NR neutrinos and the SM neutrino masses through a mixing matrix. In this case, both the
SM neutrinos and the hypothetical NR neutrinos are required to be Majorana particles, allowing
lepton-number-violating processes, such as the KS process, to occur. In LRSM variants, including
the inverse seesaw mechanism [11–14], NR neutrinos are pseudo-Dirac particles1 (referred to in this
paper as “Dirac” particles for simplicity). For minimal versions of LRSMs containing the inverse
seesaw mechanism, lepton-number-violating processes are not expected [16]. The Majorana or
Dirac nature of the NR neutrino can be established by comparing the charges of the two final-state
leptons. If the NR neutrinos are Dirac particles, the leptons will always have opposite-sign (OS)
charges. However, if they are Majorana particles, the NR neutrinos are their own anti-particles,

1 A pseudo-Dirac particle is formed by two Majorana particles with identical masses [15].

3
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mN

<latexit sha1_base64="3LeOk0Xbpn0KKm5zW3Ah4LSQwcA=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoIKHghdPUtF+QLuUbJptQ5PskmSFsvQnePGgiFd/kTf/jWm7B219MPB4b4aZeWEiuLGe940KK6tr6xvFzdLW9s7uXnn/oGniVFPWoLGIdTskhgmuWMNyK1g70YzIULBWOLqZ+q0npg2P1aMdJyyQZKB4xCmxTnqQvbteueJVvRnwMvFzUoEc9V75q9uPaSqZslQQYzq+l9ggI9pyKtik1E0NSwgdkQHrOKqIZCbIZqdO8IlT+jiKtStl8Uz9PZERacxYhq5TEjs0i95U/M/rpDa6DDKuktQyReeLolRgG+Pp37jPNaNWjB0hVHN3K6ZDogm1Lp2SC8FffHmZNM+q/nn16v68UrvO4yjCERzDKfhwATW4hTo0gMIAnuEV3pBAL+gdfcxbCyifOYQ/QJ8/KPSNuA==</latexit>



 23

Nemevsek, Nesti, Popara  2018

LHC reach

100 TeV collider reach

Ruiz  2017

MWR & 4TeV
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FIG. 9. Summary plot collecting all searches involving the KS process at LHC, in the electron channel. The green shaded
areas represent the LH sensitivity to the KS process at 300/fb, according to the present work. The rightmost reaching contour
represents the enhancement obtained by considering jet displacement.

discovering the RH gauge boson W

R

in connection with
the RH neutrino N is the so called Keung-Senjanović
(KS) process [16], pp ! W

R

! `N ! ``jj. The con-
straints from direct searches [37, 38], from flavour chang-
ing processes [11, 14] and model perturbativity [12] point
to a scale of the new RH interaction which is now at the
fringe of the LHC reach, so the residual kinematically
accessible range will be probed in the next year of two.

In this work we reconsidered this process and addressed
the regime of light N (m

N

. 100GeV) which leads [30]
to long lived RH neutrino and thus to displaced vertices
from its decay to a lepton and jets. This complements
previous studies and gives a comprehensive overview of
the collider reach covering the full parametric space.

To this aim, we classified the signatures resulting from
the KS process, depending on the RH neutrino mass, in
four regions: 1) a standard region where the final state
is ``jj, with half of the cases featuring same-sign lep-

tons, testifying the lepton number violation. 2) a merged
region, with lighter and more boosted N , in which its
decay products are typically merged in a single jet in-
cluding the secondary lepton, resulting in a lepton and
a so called neutrino jet `j

N

. 3) a displaced region, for
m

N

⇠ 10 � 100GeV, in which the merged jet j

N

is
originated from the N decay at some appreciable dis-
placement from the primary vertex, typically from mm
to 30 cm where the silicon tracking ends and detection
of displaced tracks becomes unfeasible. 4) an invisible
region, for m

N

. 40GeV, in which N can decay outside
the tracking chambers of even the full detector, leading
thus to a signature of a lepton plus missing energy, `E/.

We assessed the reach in all these regions by scanning
the m

N

, M

W

R

parameter space, up to O(10) TeV. For
W

R

masses beyond ⇠ 5TeV the process is dominated by
the off-shell W

⇤
R

production, and we noted that, by this
mechanism, for m

N

. 500GeV the final cross section



• neutrinoless double beta decay crucial

• all about LR symmetry  

•LNV at hadron colliders equally important

Summary 

as is the very essence of the SM

Weinberg:  

“V-A was the key”
“ Will V+A be the key?”

   probe of Majorana      
nature of RH neutrino 

• few genuine theories, LR unique ~ SM self-contained, predictive

towards Majorana

• sensitive to high scales, even gravity  blessing&curse

?
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Effective operator analysis

SU(2) weak 

neutrino mass

O =
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(⌫L⌫L)(dLdLd

c
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c
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Dvali, GS  in progress

m⌫ ' (
↵

4⇡
)2
m2

d

⇤

<latexit sha1_base64="SY8x558SWtAo9ZNcYWIUp19pc7E="></latexit>

 too close for comfort?
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Generations - Lepton Flavour 
Violation? 
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flavour could be conserved mass suppression can save it

0⌫2�
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(Poor person’s) UV completion

1

⇤5
=

µ

m4
A m2

B

<latexit sha1_base64="nSASfZjZeCXFI7PU5V+e+8v5WoA="></latexit>

mB � mA

<latexit sha1_base64="ieh3lbHIRt1j68XeuMM/qQ+9ZFE=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQi+FhV3bisYB+QhjCZTtKhM5MwMxFK6We4caGIW7/GnX/jtM1CWw9cOJxzL/feE2WcaeO6305pZXVtfaO8Wdna3tndq+4ftHWaK0JbJOWp6kZYU84kbRlmOO1mimIRcdqJhndTv/NElWapfDSjjAYCJ5LFjGBjJV+Et6iXJEiEN2G15tbdGdAy8QpSgwLNsPrV66ckF1QawrHWvudmJhhjZRjhdFLp5ZpmmAxxQn1LJRZUB+PZyRN0YpU+ilNlSxo0U39PjLHQeiQi2ymwGehFbyr+5/m5iS+DMZNZbqgk80VxzpFJ0fR/1GeKEsNHlmCimL0VkQFWmBibUsWG4C2+vEzaZ3XvvH71cF5rXBdxlOEIjuEUPLiABtxDE1pAIIVneIU3xzgvzrvzMW8tOcXMIfyB8/kDCvmQcQ==</latexit>

helps

m⌫ ' (
↵

4⇡
)2µ

m2
d

m2
B

<latexit sha1_base64="qyGptWgSTVnTbQok1jHmVbtryu0="></latexit>

A = scalar leptoquark  

  B = scalar di-quark

µ

m2
B

& 10�6 GeV �1

<latexit sha1_base64="9XgurqwYMwMRLWPJ6IxnhIax700=">AAACFnicbVBLSwMxGMzWV62vVY9egkXwYMtuKT4uUvSgxwr2Ad3tkk2zbWiyuyRZoSz7K7z4V7x4UMSrePPfmD4O2joQmMx8Q/KNHzMqlWV9G7ml5ZXVtfx6YWNza3vH3N1ryigRmDRwxCLR9pEkjIakoahipB0LgrjPSMsfXo/91gMRkkbhvRrFxOWoH9KAYqS05JklJxAIw9ThSZZy76pbyaDTVzrAoW1109Kpvp/ckKamduaZRatsTQAXiT0jRTBD3TO/nF6EE05ChRmSsmNbsXJTJBTFjGQFJ5EkRniI+qSjaYg4kW46WSuDR1rpwSAS+oQKTtTfiRRxKUfc15McqYGc98bif14nUcG5m9IwThQJ8fShIGFQRXDcEexRQbBiI00QFlT/FeIB0j0p3WRBl2DPr7xImpWyXS1f3FWLtctZHXlwAA7BMbDBGaiBW1AHDYDBI3gGr+DNeDJejHfjYzqaM2aZffAHxucPCR+eAw==</latexit>

negligible

ATLAS 2006.05872

mA & 2TeV

<latexit sha1_base64="GdLQn2n2iDNBloMd/4NjuXejIIw=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFcSJkpBXUjFTcuK/QFnWHIpJk2NMkMSUYYhvorblwo4tYPceffmLaz0NYDgcM553JvTpgwqrTjfFtr6xubW9ulnfLu3v7BoX103FVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnNzN/N4jkYrGoq2zhPgcjQSNKEbaSIFd4cEt9EbaJDisQ++iTbqBXXVqzhxwlbgFqYICrcD+8oYxTjkRGjOk1MB1Eu3nSGqKGZmWvVSRBOEJGpGBoQJxovx8fvwUnhllCKNYmic0nKu/J3LElcp4aJIc6bFa9mbif94g1dGVn1ORpJoIvFgUpQzqGM6agEMqCdYsMwRhSc2tEI+RRFibvsqmBHf5y6ukW6+5jdr1Q6PavCnqKIETcArOgQsuQRPcgxboAAwy8AxewZv1ZL1Y79bHIrpmFTMV8AfW5w/TipOZ</latexit>

m
e

IA
n

A
jun of
B I

T.net

toll

' 10�4 eV

<latexit sha1_base64="P3DgFVlJ2+vXp8FIwMwsesEvLmA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCy2JFFRwUXDjsoJ9QBPLZHrbDp1J4sxEqKH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfcEMWdKO863lVtYXFpeya8W1tY3Nrfs7Z26ihJJoUYjHslmQBRwFkJNM82hGUsgIuDQCAZXY7/xAFKxKLzVwxh8QXoh6zJKtJHa9h72FBNwj13nLj0pj7B3DPW2XXRKzgR4nrgZKaIM1bb95XUimggINeVEqZbrxNpPidSMchgVvERBTOiA9KBlaEgEKD+dXD/Ch0bp4G4kTYUaT9TfEykRSg1FYDoF0X01643F/7xWorvnfsrCONEQ0umibsKxjvA4CtxhEqjmQ0MIlczcimmfSEK1CaxgQnBnX54n9dOSWy5d3JSLlcssjjzaRwfoCLnoDFXQNaqiGqLoET2jV/RmPVkv1rv1MW3NWdnMLvoD6/MHEB+Trw==</latexit>
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Lnew = A(uLeL + dL⌫L) +B dcLd
c
L + µAAB

<latexit sha1_base64="AuJ98Yml0sE2HXf7D2fFORDzO5c="></latexit>



mA & 105 GeV

<latexit sha1_base64="DX4pMMRCuq3vADoxeDAhs5dPIZc=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKjFRUcFFxocsK9gGdccikmTY0yQxJRihDN/6KGxeKuPUz3Pk3pu0stPVA4HDOudzcEyaMKu0431ZhYXFpeaW4Wlpb39jcsrd3mipOJSYNHLNYtkOkCKOCNDTVjLQTSRAPGWmFg+ux33okUtFY3OthQnyOeoJGFCNtpMDe48EV9HraJDh0nYdT6B3DG9IM7LJTcSaA88TNSRnkqAf2l9eNccqJ0JghpTquk2g/Q1JTzMio5KWKJAgPUI90DBWIE+VnkwNG8NAoXRjF0jyh4UT9PZEhrtSQhybJke6rWW8s/ud1Uh2d+xkVSaqJwNNFUcqgjuG4DdilkmDNhoYgLKn5K8R9JBHWprOSKcGdPXmeNE8qbrVycVct1y7zOopgHxyAI+CCM1ADt6AOGgCDEXgGr+DNerJerHfrYxotWPnMLvgD6/MHw0WUlA==</latexit>

�(D0 ! µē) ' m5
D

m4
A

<latexit sha1_base64="Wn0XuCNrdoJ+2OERGYJ3mVWrU50="></latexit>

mB & 106 GeV

<latexit sha1_base64="Sv6DINudQsMfkUhfIoqu8eR4CNk=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4ELKjBQf4KLoQpcV7AM645BJM21okhmSjFCGbvwVNy4UcetnuPNvTNtZaOuBwOGcc7m5J0wYVdpxvq3CwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbIdIEUYFaWiqGWknkiAeMtIKB9djv/VIpKKxuNfDhPgc9QSNKEbaSIG9x4Mr6PW0SXDoOg+n0DuGN6QZ2GWn4kwA54mbkzLIUQ/sL68b45QToTFDSnVcJ9F+hqSmmJFRyUsVSRAeoB7pGCoQJ8rPJgeM4KFRujCKpXlCw4n6eyJDXKkhD02SI91Xs95Y/M/rpDo69zMqklQTgaeLopRBHcNxG7BLJcGaDQ1BWFLzV4j7SCKsTWclU4I7e/I8aZ5U3Grl4q5arl3mdRTBPjgAR8AFZ6AGbkEdNAAGI/AMXsGb9WS9WO/WxzRasPKZXfAH1ucPxmiUlg==</latexit>

K -Kbar mixing

way out: A, B carry flavour
artificial, but in principle possible

Generations - Lepton Flavour Violation? 

mass suppression can save it

Lnew = A(uLeL + cLµL) +B(dcLd
c
L + scLs

c
L) + µAAB

<latexit sha1_base64="oggPsbzv1+7NbgrgGgCkWD6GTcQ="></latexit>

hopelessly small0⌫2�
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UV completion: theory

Pati - Salam

scale large 

SU(2)⇥ SU(2)⇥ SU(4)

<latexit sha1_base64="QorfSioP2Kvsj21trg8fADPyCG4=">AAACCHicbVA9SwNBEJ2LXzF+nVpauBiEpAl3IaCCRcDGMqKXCMkR9jZ7yZK9vWN3TwghpY1/xcZCEVt/gp3/xk1yhSY+WHjz3gyz84KEM6Ud59vKrayurW/kNwtb2zu7e/b+QVPFqSTUIzGP5X2AFeVMUE8zzel9IimOAk5bwfBq6rceqFQsFnd6lFA/wn3BQkawNlLXPr71StUy6mgWUYUWi1q5axedijMDWiZuRoqQodG1vzq9mKQRFZpwrFTbdRLtj7HUjHA6KXRSRRNMhrhP24YKbFb549khE3RqlB4KY2me0Gim/p4Y40ipURSYzgjrgVr0puJ/XjvV4bk/ZiJJNRVkvihMOdIxmqaCekxSovnIEEwkM39FZIAlJtpkVzAhuIsnL5NmteLWKhc3tWL9MosjD0dwAiVw4QzqcA0N8IDAIzzDK7xZT9aL9W59zFtzVjZzCH9gff4ALbeW5g==</latexit>

quark - lepton unification

KL ! µē

<latexit sha1_base64="3syVrWxoM052nw2XvCzkaNA2u44=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoIKHghdBDxXsBzQhbLabdulmE3Y3Ygn9K148KOLVP+LNf+O2zUFbHww83pthZl6Ycqa043xbpZXVtfWN8mZla3tnd8/er7ZVkklCWyThieyGWFHOBG1ppjntppLiOOS0E46up37nkUrFEvGgxyn1YzwQLGIEayMFdvU2uEOeTpAXZ8gLsUQ0sGtO3ZkBLRO3IDUo0AzsL6+fkCymQhOOleq5Tqr9HEvNCKeTipcpmmIywgPaM1TgmCo/n90+QcdG6aMokaaERjP190SOY6XGcWg6Y6yHatGbiv95vUxHF37ORJppKsh8UZRxZH6dBoH6TFKi+dgQTCQztyIyxBITbeKqmBDcxZeXSfu07p7VL+/Pao2rIo4yHMIRnIAL59CAG2hCCwg8wTO8wps1sV6sd+tj3lqyipkD+APr8wdF25NO</latexit>

⇤ & 105GeV

<latexit sha1_base64="D+TG9lYPQ0UJm1R9Nu+7CxS8s8Q=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZqfhYFVzowkUF+4DOWDKZTBuaZIYkI5ShbvwVNy4UcetfuPNvTNtZaOuBwOGcc7m5J0gYVdpxvq3CwuLS8kpxtbS2vrG5ZW/vNFWcSkwaOGaxbAdIEUYFaWiqGWknkiAeMNIKBpdjv/VApKKxuNPDhPgc9QSNKEbaSF17z7sx4RBBr6dNikPXuT+BV6TZtctOxZkAzhM3J2WQo961v7wwxiknQmOGlOq4TqL9DElNMSOjkpcqkiA8QD3SMVQgTpSfTS4YwUOjhDCKpXlCw4n6eyJDXKkhD0ySI91Xs95Y/M/rpDo68zMqklQTgaeLopRBHcNxHTCkkmDNhoYgLKn5K8R9JBHWprSSKcGdPXmeNI8rbrVyflst1y7yOopgHxyAI+CCU1AD16AOGgCDR/AMXsGb9WS9WO/WxzRasPKZXfAH1ucPVbGVhA==</latexit>

LFV in gauge boson interactions

in previous examples 
flavour imposed by hand

D =

0

BB@
e

1

CCA

d

d

d
U =

0

BB@
⌫

1

CCA

u

u

u

g
Xps

IT

assume scalar leptoquarks light?
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Neutrino mss: Weinberg d=5 

UV completion - small Yukawa

no direct physical process not the right operator

only message: neutrino = Majorana

` =

✓
⌫
e

◆

L

<latexit sha1_base64="Y93JQVrtpngQo9iYgj+1HVIWK2Q=">AAACJHicbVDLSgMxFM34tr6qLt0Ei6CbMiMFFRUENy5cVLAqNKVk0jttMJMZkjtCGfoxbvwVNy584MKN32LazsLXgQuHc+5N7j1hqqRF3//wJianpmdm5+ZLC4tLyyvl1bUrm2RGQEMkKjE3IbegpIYGSlRwkxrgcajgOrw9HfrXd2CsTPQl9lNoxbyrZSQFRye1y4cMlKLHlCmIcJuF0JU658bw/iAXA8p0xhgFykB3CpkZ2e3hTvu81C5X/Ko/Av1LgoJUSIF6u/zKOonIYtAoFLe2Gfgptty7KIWCQYllFlIubnkXmo5qHoNt5aMjB3TLKR0aJcaVRjpSv0/kPLa2H4euM+bYs7+9ofif18ww2m/lUqcZghbjj6JMUUzoMDHakQYEqr4jXBjpdqWixw0X6HIdhhD8PvkvudqtBrXqwUWtcnJUxDFHNsgm2SYB2SMn5IzUSYMIck8eyTN58R68J+/Nex+3TnjFzDr5Ae/zC6rSpNU=</latexit>

�

<latexit sha1_base64="cYofTB50661jsg3FQBAOtrokNb4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL1IwYvHCvYD2lA2202zdHcTdjdCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tVxqgjtkJjHqh9gTTmTtGOY4bSfKIpFwGkvmN7lfu+JKs1i+WhmCfUFnkgWMoJNLg3bERtVa27dXQCtE68gNSjQHlW/huOYpIJKQzjWeuC5ifEzrAwjnM4rw1TTBJMpntCBpRILqv1scescXVhljMJY2ZIGLdTfExkWWs9EYDsFNpFe9XLxP2+QmvDaz5hMUkMlWS4KU45MjPLH0ZgpSgyfWYKJYvZWRCKsMDE2nooNwVt9eZ10r+peo37z0Ki1bos4ynAG53AJHjShBffQhg4QiOAZXuHNEc6L8+58LFtLTjFzCn/gfP4A5WWOJw==</latexit>

= SM Higgs cW ⌧ 1

<latexit sha1_base64="lEYOYiaoGz85gEts5JdkZXT0078=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqexKQQUPBS8eK9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL0wEN9bzvlFhbX1jc6u4XdrZ3ds/KB8etUycasqaNBax7oTEMMEVa1puBeskmhEZCtYOx7czv/3EtOGxerCThAWSDBWPOCXWSY+038Y9IbDfL1e8qjcHXiV+TiqQo9Evf/UGMU0lU5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcVkcwE2fzgKT5zygBHsXalLJ6rvycyIo2ZyNB1SmJHZtmbif953dRGV0HGVZJapuhiUZQKbGM8+x4PuGbUiokjhGrubsV0RDSh1mVUciH4yy+vktZF1a9Vr+9rlfpNHkcRTuAUzsGHS6jDHTSgCRQkPMMrvCGNXtA7+li0FlA+cwx/gD5/AI4Nj5g=</latexit>

natural

Weinberg  ‘79

large scale claim (            ) unjustified cW = 1

<latexit sha1_base64="lCD3nPj78SRUuVK4HGt1CkjOEWQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mk4AcIBS8eK9im0Iay2U7apZtN2N0IpfRHePGgiFd/jzf/jds2B219MPB4b4aZeWEquDau++0U1tY3NreK26Wd3b39g/LhUUsnmWLYZIlIVDukGgWX2DTcCGynCmkcCvTD0d3M959QaZ7IRzNOMYjpQPKIM2qs5LOeT26J1ytX3Ko7B1klXk4qkKPRK391+wnLYpSGCap1x3NTE0yoMpwJnJa6mcaUshEdYMdSSWPUwWR+7pScWaVPokTZkobM1d8TExprPY5D2xlTM9TL3kz8z+tkJroKJlymmUHJFouiTBCTkNnvpM8VMiPGllCmuL2VsCFVlBmbUMmG4C2/vEpaF1WvVr1+qFXqN3kcRTiBUzgHDy6hDvfQgCYwGMEzvMKbkzovzrvzsWgtOPnMMfyB8/kDx5OOiw==</latexit>

Weinberg  ‘SM50 …

1

⇤5
(e e u u d̄ d̄)

<latexit sha1_base64="lOXLiPH7euYgf7eumFVOlwLAtSU=">AAACInicbVDLSsNAFJ34rPUVdelmsAgVpCRS0boquHHhooJ9QBPLZDJph04mYWYilNBvceOvuHGhqCvBj3HSBtHWAwcO59zLzD1ezKhUlvVpLCwuLa+sFtaK6xubW9vmzm5LRonApIkjFomOhyRhlJOmooqRTiwICj1G2t7wMsvb90RIGvFbNYqJG6I+pwHFSGmrZ9acQCAMU3sMU+da7/no7nQMywQ6xxmTnNDxkID+j4BHPbNkVawJ4Lywc1ECORo9893xI5yEhCvMkJRd24qVmyKhKGZkXHQSSWKEh6hPulpyFBLpppMTx/BQOz4MIqHJFZy4vzdSFEo5Cj09GSI1kLNZZv6XdRMVnLsp5XGiCMfTh4KEQRXBrC/oU0GwYiMtEBZU/xXiAdKdKd1qUZdgz548L1onFbtaqd1US/WLvI4C2AcHoAxscAbq4Ao0QBNg8ACewAt4NR6NZ+PN+JiOLhj5zh74A+PrGyVhoEk=</latexit>

0nu2betaright operator

O 6L =
cW
⇤

` `��

<latexit sha1_base64="jeDrS6UHVXRyILP9+cckoNB4RN0=">AAACI3icbVDLSgMxFM3UV62vUZdugkVwIWVGCj5QKLhxUbCCfUBnGDJppg3NZIYkI5Rh/sWNv+LGhVLcuPBfTNsRtPVAuIdz7k1yjx8zKpVlfRqFpeWV1bXiemljc2t7x9zda8koEZg0ccQi0fGRJIxy0lRUMdKJBUGhz0jbH95M/PYjEZJG/EGNYuKGqM9pQDFSWvLMyzsvdXikYD2D19AJBMIp9tpZ6tT1JT2UQYcwBp2Tn9IY0Lx4ZtmqWFPARWLnpAxyNDxz7PQinISEK8yQlF3bipWbIqEoZiQrOYkkMcJD1CddTTkKiXTT6Y4ZPNJKDwaR0IcrOFV/T6QolHIU+rozRGog572J+J/XTVRw7qaUx4kiHM8eChIGVQQngcEeFQQrNtIEYUH1XyEeIJ2T0rGWdAj2/MqLpHVasauVi/tquXaVx1EEB+AQHAMbnIEauAUN0AQYPIEX8AbejWfj1RgbH7PWgpHP7IM/ML6+Ab3UoxM=</latexit>
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Measuring parameters

measuring masses, couplings etc - 
essential 

not so much because of a theory of these 
parameters

rather, to constrain and test a 
fundamental theory

SM - crucial to measure CKM elements, particle 
masses - this is how we tested the theory -  
and this is how we test theories in general
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Why disparity of quark and 
lepton mixing angles?

not a good question a priori: 
comparing apples and oranges

relevant in grand unification

example: SO(10) model with type II seesaw

small 2-3 quark angle  
-> large atmospheric mixing 

Bajc, GS ‘2005

however, SO(10) scale too close to Planck
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SM and gravity

N = # of degrees of freedom 

SM: N = 124 ⇤gravity ' GeV

<latexit sha1_base64="8Ab6jDFTdFcOpYLUIk656exPu38=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuxKQAWLgIUWFhHMA7IhzE5ukiGzs+vMbGBZ0tj4KzYWitj6D3b+jZNkC008MHA451zu3ONHnCntON9Wbml5ZXUtv17Y2Nza3rF39+oqjCWFGg15KJs+UcCZgJpmmkMzkkACn0PDH15N/MYIpGKhuNdJBO2A9AXrMUq0kTr2oXdrwl3SSfuSjJhOxthTLIAHfA31jl10Ss4UeJG4GSmiDNWO/eV1QxoHIDTlRKmW60S6nRKpGeUwLnixgojQIelDy1BBAlDtdHrFGB8bpYt7oTRPaDxVf0+kJFAqCXyTDIgeqHlvIv7ntWLdO2+nTESxBkFni3oxxzrEk0pwl0mgmieGECqZ+SumAyIJ1aa4ginBnT95kdRPS265dHFXLlYuszry6AAdoRPkojNUQTeoimqIokf0jF7Rm/VkvVjv1scsmrOymX30B9bnD2UhmIA=</latexit>

can affect neutrino

Even electron?

Dvali  2017
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h⌫̄⌫i = ⇤3
gravity . M

3
P exp(�N)

<latexit sha1_base64="tHD3FZWB4KPFxQpnhFtu4sIHnEA="></latexit>

Dvali, GS  in progress



LR theory and gravity

LR Model: N = 148

⇤

3
gravity

' M3
P

exp(�N
dof

)

<latexit sha1_base64="E/JJ64bDeX4nexYoV7xmkoqs8b4="></latexit>

⇤gravity ' MeV

<latexit sha1_base64="r9ogjbW8bRWEdhrz5HNIfBYmQZ8=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuxKQAWLgI2FQgTzgGwIs5ObZMjs7DozG1iWNDb+io2FIrb+g51/4yTZQhMPDBzOOZc79/gRZ0o7zreVW1peWV3Lrxc2Nre2d+zdvboKY0mhRkMeyqZPFHAmoKaZ5tCMJJDA59Dwh1cTvzECqVgo7nUSQTsgfcF6jBJtpI596N2YcJd00r4kI6aTMfYUC+AB30K9YxedkjMFXiRuRoooQ7Vjf3ndkMYBCE05UarlOpFup0RqRjmMC16sICJ0SPrQMlSQAFQ7nV4xxsdG6eJeKM0TGk/V3xMpCZRKAt8kA6IHat6biP95rVj3ztspE1GsQdDZol7MsQ7xpBLcZRKo5okhhEpm/orpgEhCtSmuYEpw509eJPXTklsuXdyVi5XLrI48OkBH6AS56AxV0DWqohqi6BE9o1f0Zj1ZL9a79TGL5qxsZh/9gfX5A25FmIY=</latexit>

can affect predictions?
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Leptogenesis MWR & 30TeV

<latexit sha1_base64="RkiR4yrY+qtaHkY7qNVMleMtIb8=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCCykzWlDBRcGNG6FKX9AZhkyaaUOTzJBkhDLUjb/ixoUibv0Ld/6NaTsLbT0QOJxzLjf3hAmjSjvOt7WwuLS8slpYK65vbG5t2zu7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTCwfXYbz0QqWgs6nqYEJ+jnqARxUgbKbD3b4OsFdyPoNfTJsXhmQO9kzppBnbJKTsTwHni5qQEctQC+8vrxjjlRGjMkFId10m0nyGpKWZkVPRSRRKEB6hHOoYKxInys8kFI3hklC6MYmme0HCi/p7IEFdqyEOT5Ej31aw3Fv/zOqmOLvyMiiTVRODpoihlUMdwXAfsUkmwZkNDEJbU/BXiPpIIa1Na0ZTgzp48T5qnZbdSvryrlKpXeR0FcAAOwTFwwTmoghtQAw2AwSN4Bq/gzXqyXqx362MaXbDymT3wB9bnD3PblZk=</latexit>

to get out of equilibrium

more serious problem: how to test the genesis?

plain seesaw = works - but cannot be wrong

LNV violating N decays through MD

MD = i
p
MN O

p
M⌫

<latexit sha1_base64="vLrEgHbl8d1Glmv6tNbfCDI7ueU=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoupCRSUBdCURduqhXsA5oQJtNJO3QyiTMToYT+gBt/xY0LRdy6d+ffOG2DaOuBC4dz7uXee/yYUaks68uYmZ2bX1jMLeWXV1bX1s2NzbqMEoFJDUcsEk0fScIoJzVFFSPNWBAU+ow0/N750G/cEyFpxG9VPyZuiDqcBhQjpSXP3K14F/AUUujIO6FgxbuCzsG1rh/B4YlnFqyiNQKcJnZGCiBD1TM/nXaEk5BwhRmSsmVbsXJTJBTFjAzyTiJJjHAPdUhLU45CIt109M0A7mmlDYNI6OIKjtTfEykKpeyHvu4MkerKSW8o/ue1EhUcuynlcaIIx+NFQcKgiuAwGtimgmDF+pogLKi+FeIuEggrHWBeh2BPvjxN6odFu1Q8uSkVymdZHDmwDXbAPrDBESiDS1AFNYDBA3gCL+DVeDSejTfjfdw6Y2QzW+APjI9vXiyZRQ==</latexit>

M⌫ = �MT
D

1

MN
MD

<latexit sha1_base64="rLFr0/xZUVrqeYINdYFlDP4GB2g=">AAACDXicbVDLSsNAFJ34rPVVdelmsAoutCRSUEGhoAs3lQp9QRPDZDpph04mYWYilJAfcOOvuHGhiFv37vwbp20W2nrgwuGce7n3Hi9iVCrT/Dbm5hcWl5ZzK/nVtfWNzcLWdlOGscCkgUMWiraHJGGUk4aiipF2JAgKPEZa3uBq5LceiJA05HU1jIgToB6nPsVIackt7Fddm8fwEh7Dqnt9X4e2LxBOrDSpurcptI9GslsomiVzDDhLrIwUQYaaW/iyuyGOA8IVZkjKjmVGykmQUBQzkubtWJII4QHqkY6mHAVEOsn4mxQeaKUL/VDo4gqO1d8TCQqkHAae7gyQ6stpbyT+53Vi5Z85CeVRrAjHk0V+zKAK4Sga2KWCYMWGmiAsqL4V4j7ScSgdYF6HYE2/PEuaJyWrXDq/KxcrF1kcObAL9sAhsMApqIAbUAMNgMEjeAav4M14Ml6Md+Nj0jpnZDM74A+Mzx+Rh5lb</latexit>

O = arbitrary complex orthogonal matrix

LR - O is determined, MD predicted from MN and Mnu

 37



Digression: CP phase and genesis

BBC, NYT…

CP leptonic = probe of genesis

wrong

MD = i
p
MN O

p
M⌫

<latexit sha1_base64="vLrEgHbl8d1Glmv6tNbfCDI7ueU=">AAACDXicbVDLSsNAFJ34rPUVdelmsAoupCRSUBdCURduqhXsA5oQJtNJO3QyiTMToYT+gBt/xY0LRdy6d+ffOG2DaOuBC4dz7uXee/yYUaks68uYmZ2bX1jMLeWXV1bX1s2NzbqMEoFJDUcsEk0fScIoJzVFFSPNWBAU+ow0/N750G/cEyFpxG9VPyZuiDqcBhQjpSXP3K14F/AUUujIO6FgxbuCzsG1rh/B4YlnFqyiNQKcJnZGCiBD1TM/nXaEk5BwhRmSsmVbsXJTJBTFjAzyTiJJjHAPdUhLU45CIt109M0A7mmlDYNI6OIKjtTfEykKpeyHvu4MkerKSW8o/ue1EhUcuynlcaIIx+NFQcKgiuAwGtimgmDF+pogLKi+FeIuEggrHWBeh2BPvjxN6odFu1Q8uSkVymdZHDmwDXbAPrDBESiDS1AFNYDBA3gCL+DVeDSejTfjfdw6Y2QzW+APjI9vXiyZRQ==</latexit>

 genesis through MD

O = arbitrary complex orthogonal matrix
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EW genesis similar to SM

Dark matter mN ' keV

<latexit sha1_base64="ePQijg+yl5QlD7wWC2idtWJuKS0=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoIKHgBdPEsE8IFnD7KSTDJnZXWdmlbDkP7x4UMSr/+LNv3GS7EETCxqKqm66u4JYcG1c99vJLS2vrK7l1wsbm1vbO8XdvbqOEsWwxiIRqWZANQoeYs1wI7AZK6QyENgIhlcTv/GISvMovDOjGH1J+yHvcUaNle5l54a0NZf4QIZY7xRLbtmdgiwSLyMlyFDtFL/a3YglEkPDBNW65bmx8VOqDGcCx4V2ojGmbEj72LI0pBK1n06vHpMjq3RJL1K2QkOm6u+JlEqtRzKwnZKagZ73JuJ/XisxvXM/5WGcGAzZbFEvEcREZBIB6XKFzIiRJZQpbm8lbEAVZcYGVbAhePMvL5L6Sdk7LV/cnpYql1kceTiAQzgGD86gAtdQhRowUPAMr/DmPDkvzrvzMWvNOdnMPvyB8/kDv76SBw==</latexit>

spectrum and VR fixed

MWR & 20TeV

<latexit sha1_base64="UQFM7d3bt7hQ0B2kGUuWFtnUB8U=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCCykzpaCCi4IbN0KVvqAzDJk004YmmSHJCGWoG3/FjQtF3PoX7vwb03YW2nogcDjnXG7uCRNGlXacb2tpeWV1bb2wUdzc2t7Ztff2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw+uJ334gUtFYNPQoIT5HfUEjipE2UmAf3gZZO7gfQ6+vTYrDigO9swZpBXbJKTtTwEXi5qQEctQD+8vrxTjlRGjMkFJd10m0nyGpKWZkXPRSRRKEh6hPuoYKxInys+kFY3hilB6MYmme0HCq/p7IEFdqxEOT5EgP1Lw3Ef/zuqmOLvyMiiTVRODZoihlUMdwUgfsUUmwZiNDEJbU/BXiAZIIa1Na0ZTgzp+8SFqVslstX95VS7WrvI4COALH4BS44BzUwA2ogybA4BE8g1fwZj1ZL9a79TGLLln5zAH4A+vzB3JQlZg=</latexit>

MWR ' 5TeV

<latexit sha1_base64="7b46JQ6yIYZX2/rNwajJnEujB3A=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8CBhVyIqeAh48SJEyQuyyzI76SRDZh/OzAphzcFf8eJBEa/+hjf/xkmyB00saCiquunu8mPOpLKsbyO3sLi0vJJfLaytb2xumds7DRklgkKdRjwSLZ9I4CyEumKKQysWQAKfQ9MfXI395gMIyaKwpoYxuAHphazLKFFa8sy9Gy9tencj7EgWwD0+xc5xDRqeWbRK1gR4ntgZKaIMVc/8cjoRTQIIFeVEyrZtxcpNiVCMchgVnERCTOiA9KCtaUgCkG46uX+ED7XSwd1I6AoVnqi/J1ISSDkMfN0ZENWXs95Y/M9rJ6p77qYsjBMFIZ0u6iYcqwiPw8AdJoAqPtSEUMH0rZj2iSBU6cgKOgR79uV50jgp2eXSxW25WLnM4sijfXSAjpCNzlAFXaMqqiOKHtEzekVvxpPxYrwbH9PWnJHN7KI/MD5/AB8llOA=</latexit>

or 

Nemevsek, GS, Zhang   ‘2012

Bezrukov, Hettmansperger, Lindner  ’2009
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Feinberg, Goldhaber  ’59

gLNV

me
⇡+ ⇡+e e

<latexit sha1_base64="mpjoUVFrRIh8SWdz2gqBBzpSsxU=">AAACEXicbVC7SgNBFJ2NrxhfUUubwSAEDGFXAipYBGwsRCKYB2TjMju5mwyZfTAzK4Rlf8HGX7GxUMTWzs6/cZJsoYkHLnM4517u3ONGnEllmt9Gbml5ZXUtv17Y2Nza3inu7rVkGAsKTRryUHRcIoGzAJqKKQ6dSADxXQ5td3Q58dsPICQLgzs1jqDnk0HAPEaJ0pJTLNueIBQnAye5vmmlaeI7kNoRuz+2K9MHg12ZlFMsmVVzCrxIrIyUUIaGU/yy+yGNfQgU5UTKrmVGqpcQoRjlkBbsWEJE6IgMoKtpQHyQvWR6UYqPtNLHXih0BQpP1d8TCfGlHPuu7vSJGsp5byL+53Vj5Z31EhZEsYKAzhZ5MccqxJN4cJ8JoIqPNSFUMP1XTIdER6R0iAUdgjV/8iJpnVStWvX8tlaqX2Rx5NEBOkRlZKFTVEdXqIGaiKJH9Ixe0ZvxZLwY78bHrDVnZDP76A+Mzx+3t5xG</latexit>

example

still,  use electron mass cutoff - instead Fermi scale

coupling almost vanishing gLNV . 10�25

<latexit sha1_base64="bvP4IYEup8gSK+JfPifbHAEMO7k=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBjWWmVFRwUXDjQqSCfUA7Dpk0bUOTzJBkhDIMuPFX3LhQxK0/4c6/MW1noa0HLhzOuZd77wkiRpV2nG8rt7C4tLySXy2srW9sbtnbOw0VxhKTOg5ZKFsBUoRRQeqaakZakSSIB4w0g+Hl2G8+EKloKO70KCIeR31BexQjbSTf3oN9P7m+aaSww4hSinLoOvfJcfkk9e2iU3ImgPPEzUgRZKj59lenG+KYE6ExQ0q1XSfSXoKkppiRtNCJFYkQHqI+aRsqECfKSyY/pPDQKF3YC6UpoeFE/T2RIK7UiAemkyM9ULPeWPzPa8e6d+YlVESxJgJPF/ViBnUIx4HALpUEazYyBGFJza0QD5BEWJvYCiYEd/bledIol9xK6fy2UqxeZHHkwT44AEfABaegCq5ADdQBBo/gGbyCN+vJerHerY9pa87KZnbBH1ifP+r1lmo=</latexit>

effective field theory took time 
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⇤gravity ' 10�8 eV

<latexit sha1_base64="/s/j/pZd3KwbOy3fxMr/tl2X0hQ=">AAACDnicbVDLSgMxFM34rPU16tJNsBRcaJmRghVcFNy4cFHBPqBTSyZzpw3NPEwyhWHoF7jxV9y4UMSta3f+jeljoa0HAifnnEtyjxtzJpVlfRtLyyura+u5jfzm1vbOrrm335BRIijUacQj0XKJBM5CqCumOLRiASRwOTTdwdXYbw5BSBaFdyqNoROQXsh8RonSUtcsOjc67JFu1hNkyFQ6wo5kATxg27rPTiv6egKNrlmwStYEeJHYM1JAM9S65pfjRTQJIFSUEynbthWrTkaEYpTDKO8kEmJCB6QHbU1DEoDsZJN1RrioFQ/7kdAnVHii/p7ISCBlGrg6GRDVl/PeWPzPayfKr3QyFsaJgpBOH/ITjlWEx91gjwmgiqeaECqY/iumfSIIVbrBvC7Bnl95kTTOSna5dHFbLlQvZ3Xk0CE6QsfIRueoiq5RDdURRY/oGb2iN+PJeDHejY9pdMmYzRygPzA+fwDjAZtX</latexit>

SO(10): N ~ 250
negligible

SO(10) free from gravity - but close to 
strong coupling scale

Dvali, GS  in progress

no free lunch :(

MSSM: N ~ 250

MSSM: what to say :(
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hT i = v diag(1,�1)
<latexit sha1_base64="H6V2RWwSBFPYvie9I8Co3Sn19qg=">AAACEXicbZA9SwNBEIb34leMX6eWNotBiKDhLgraiAEbSwWjQi6Evc0kLtnbO3bnguHIX7Dxr9hYKGJrZ+e/cRNTaOILCw/vzDA7b5hIYdDzvpzczOzc/EJ+sbC0vLK65q5vXJs41RxqPJaxvg2ZASkU1FCghNtEA4tCCTdh92xYv+mBNiJWV9hPoBGxjhJtwRlaq+mWAslURwK9ooEe0Ukv2KMBwj1mLcE6A1ry9/b93aZb9MreSHQa/DEUyVgXTfczaMU8jUAhl8yYuu8l2MiYRsElDApBaiBhvMs6ULeoWASmkY0uGtAd67RoO9b2KaQj9/dExiJj+lFoOyOGd2ayNjT/q9VTbB83MqGSFEHxn0XtVFKM6TAe2hIaOMq+Bca1sH+l/I5pxtGGWLAh+JMnT8N1pewflCuXh8Xq6TiOPNki26REfHJEquScXJAa4eSBPJEX8uo8Os/Om/P+05pzxjOb5I+cj2/CK5up</latexit>

Mu = M + vYT , Md = M � vYT
<latexit sha1_base64="Vg4DNJAMS8dmsi+0OQskaHxZYUU=">AAACFnicbZDLSgMxFIYz9VbrbdSlm4NFEGzLTBV0IxbcuClU6E3aYcikaRuauZBkCqX0Kdz4Km5cKOJW3Pk2ZtoutPWEwM//nUNyfi/iTCrL+jZSK6tr6xvpzczW9s7unrl/UJdhLAitkZCHoulhSTkLaE0xxWkzEhT7HqcNb3Cb8MaQCsnCoKpGEXV83AtYlxGstOWaeQAouzFcQxnOYAgPbjUH7dzsaNKZkvyMZFwzaxWsacGysOcii+ZVcc2vdicksU8DRTiWsmVbkXLGWChGOJ1k2rGkESYD3KMtLQPsU+mMp2tN4EQ7HeiGQt9AwdT9PTHGvpQj39OdPlZ9ucgS8z/WilX3yhmzIIoVDcjsoW7MQYWQZAQdJihRfKQFJoLpvwLpY4GJ0kkmIdiLKy+LerFgnxeK9xfZ0s08jjQ6QsfoFNnoEpXQHaqgGiLoET2jV/RmPBkvxrvxMWtNGfOZQ/SnjM8fZRyZRQ==</latexit>

VCKM = 1
<latexit sha1_base64="KiutppjOIMdX6qIKwYdrSchT86c=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl7EQi+CCBXsh7RLyabZNjTJLklWKEt/hRcPinj153jz35i2e9DWBwOP92aYmRfEnGnjut9ObmV1bX0jv1nY2t7Z3SvuHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCka1qd96okqzSD6YcUx9gQeShYxgY6XHZi+t3d5NrrxeseSW3RnQMvEyUoIM9V7xq9uPSCKoNIRjrTueGxs/xcowwumk0E00jTEZ4QHtWCqxoNpPZwdP0IlV+iiMlC1p0Ez9PZFiofVYBLZTYDPUi95U/M/rJCa89FMm48RQSeaLwoQjE6Hp96jPFCWGjy3BRDF7KyJDrDAxNqOCDcFbfHmZNCtl76xcuT8vVa+zOPJwBMdwCh5cQBVuoA4NICDgGV7hzVHOi/PufMxbc042cwh/4Hz+AOH/j8s=</latexit>

NFC M and Y diagonal simultaneously

Mu
<latexit sha1_base64="UNq9UHF5Uj88AVQpYHLA5HXSZpw=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9GbBixehov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupn6rSdUmsfy0YwT9CM6kDzkjBorPdz10l6p7FbcGcgy8XJShhz1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns1Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfRv0ucKmRFjSyhT3N5K2JAqyoxNp2hD8BZfXibNasU7r1TvL8q16zyOAhzDCZyBB5dQg1uoQwMYDOAZXuHNEc6L8+58zFtXnHzmCP7A+fwBMaWNug==</latexit>

Md
<latexit sha1_base64="6aOhehMR4VGkwPwjZiWwnJze23g=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9GbBixehov2ANpTNZtIu3WzC7kYopT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMC1LBtXHdb2dldW19Y7OwVdze2d3bLx0cNnWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJn6rSdUmify0YxS9GPalzzijBorPdz1wl6p7FbcGcgy8XJShhz1XumrGyYsi1EaJqjWHc9NjT+mynAmcFLsZhpTyoa0jx1LJY1R++PZqRNyapWQRImyJQ2Zqb8nxjTWehQHtjOmZqAXvan4n9fJTHTlj7lMM4OSzRdFmSAmIdO/ScgVMiNGllCmuL2VsAFVlBmbTtGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwYw6MMzvMKbI5wX5935mLeuOPnMEfyB8/kDF+GNqQ==</latexit>

        simultaneously diagonaland
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